Exergetic cost theory (ECT) method, is a conventional exergoeconomic analysis method. In energy systems, disposing of remaining flows of matter or energy is called residues. Distributed entropy (DE) method is an important method for allocating the residues cost. In this study, ECT method and the DE method are applied to a high-temperature gas-cooled reactor (HTGR) that is coupled with the steam cycle through the heat exchanger. Exergetic cost and exergoeconomic cost are obtained for each stream. Then residues cost distribution ratio is calculated using ECT and DE methods. The results have been compared with a model based on the disaggregation of physical exergy into its enthalpic and entropic terms which known as "H&S" model. The results show that the DE method performed similar to the H&S model, but the DE method is a rational criterion to allocate the cost of the residues. The unit product cost of HTGR turbine and steam turbine are calculated as 0.2526 cents/kWh and 1.1500 cents/kWh, respectively. The maximum product unit exergoeconomic cost value is 3.1420 cents/kWh that is corresponding to a steam cycle superheater.
Introduction
In energy systems, exergy can be defined as maximum work that can be obtained from a flow of matter or energy. By applying exergy analysis to the energy systems, the number of irreversibilities and the location of irreversibilities can be determined. The combination of exergy analysis with economic constraints is called exergoeconomic analysis. Exergoeconomic methods the grouped into two classes; the calculus methods and the algebraic methods [1, 2] . Exergetic cost theory (ECT) method [3] , average cost theory (ACT) method [4] , specific exergy costing method (SPECO) [5] , and modified productive structural analysis (MOPSA) [6, 7] are the algebraic methods. On the other hand, thermoeconomical functional analysis (TFA) [8] and engineering functional analysis (EFA) [9] belong to calculus methods. In 1999, structural theory of thermoeconomics as a common mathematical language for exergoeconomics was proposed by Erlach et al. [10] . One of the not attended concepts of energy systems is the disposal of remaining flows of matter or energy that are called residues. Many researchers have investigated the problem of allocating the residues cost, but there is no general solution. The studies about the cost of the residues in comparison with generated entropy have been performed by Lozano and Valero [3] and Frangopoulos [11] . Also, the distribution of the cost of the residues proportional to the exergy has been proposed by Torres et al. [12] . A more rational criterion for allocating the residues cost was proposed by Seyyedi et al. [13] .
This criterion, based on the distributed entropy in the components, is known as the distributed entropy (DE) method. A comparison between residues cost allocation proportional to the entropy generation, proportional to the exergy and proportional to the distributed entropy has been presented in Seyyedi et al. [13, 14, 15] . A similar method has also been proposed by Santos et al. [16] which is called H&S model. The basis of this method is the breakup of exergy into enthalpy and negentropy. Lourenço et al. [17] applied this method to a high-temperature gas-cooled reactor (HTGR) direct combined cycle. In this study, the ECT method and the DE method are applied to a typical HTGR that is combined with a steam cycle as used in Lourenço et al. [17] . Allocation cost evaluation results by the ECT and DE methods are comparable with the results of H&S model.
Methods and Material

Exergetic cost theory (ECT) method
In order to indicate theexergetic cost of each stream, fuel and product costs for each component, ECT method as an algebraic method applies to the energy systems. This method has been proposed by Lozano and Valero [3] who are two specialists in exergoeconomic fields. Thermoeconomic analysis distinguishes between exergy cost, formerly exergetic cost, and exergoeconomic cost. The exergy cost of a mass is the amount of exergy (kW) required to produce this mass. The unit exergy cost of a flow represents the amount of exergy needed to obtain a unit of exergy of that flow. The exergoeconomic cost takes into account the monetary cost of the consumed fuel, namely its market price ($/kWh), as well as the investment and operational cost rate of the plant ($/h), and defines the amount of money required to produce a flow. Similarly, the unit exergoeconomic cost ($/kWh) of a flow is the amount of monetary units needed to obtain a unit of exergy of the referred flow [12] . For more details, see References [3, 14] .
Distributed entropy (DE) method
The distributed entropy method has been proposed by Seyyedi et al. [13] and it is based on the distributed entropy in the components. In this method, the first step is constructing a fuel-product (FP) H -FP that represents the distribution of entropy through the combined cycle [13] . The production cost of i th component is given by Torres et al. [12] and Seyyedi et al. [13] : (1) where ∑ (2) In order to determine the values of , it must be defined a residue cost distribution ratio such as ∑
Physical Model
In this study, an HTGR-steam combined cycle is used to illustrate the application of the ECT method and DE method. The HTGR is a graphite moderated helium cooled reactor with ceramic coated spherical micro fuel particles. Since the working fluid (helium) of an HTGR power cycle directly cools the core of the nuclear plant, it is called a direct cycle. Fig. (1) shows a typical HTGR direct combined cycle. The combined cycle has two closed loops being composed of a topping helium gas cycle and a bottoming steam cycle. The tapping cycle is the core of a nuclear reactor, which provides the required energy for heating the gas helium. The two cycles are connected to each other by a heat exchanger. The outlet steam from the heat exchanger is superheated in a superheater which is fed by methane. 
Results and Discussion
The definition of fuel and product for each component of the HTGR combined cycle are presented in Table ( 2). For all calculations, a code has been developed in MATLAB. According to the thermodynamic properties of the HTGR combined cycle and the definition of the fuel and product, the amounts of fuel (F), product (P), irreversibility ( ) , exergetic efficiency (), unit exergy consumption (kE) and specific exergy destruction (kI) for each component of combined cycle are shown in Table  3 . 
Columns 1 to 5 read from Lourenço et al. [16] . 
The details of the presented parameters in Table  ( 3) have been defined in Torres et al. [12] and Seyyedi et al. [14] . The second law efficiency (exergetic efficiency) for the overall cycle is obtained as 0.4767. The maximum value of irreversibility in the HTGR combined cycle is corresponding to the gas cooled nuclear reactor. By applying the ECT method to the HTGR combined cycle under study, the exergetic cost and exergoeconomic cost of each stream were calculated. These cost values are shown in Table  (4) . For these calculations, the fuel cost per energy unit and the nuclear fuel cost per thermal exergy of the reactor are considered as 4 $/GJ and 0.4 $/GJ, respectively [18, 19] . However, the purchase costs of components are not considered in this work. It is obvious from Table 4 that the maximum values of unit exergy cost and unit exergoeconomic cost are corresponding to stream 9 (outlet liquid from the pump) that have been estimated as 3.0106 (kW/kW) and 1.3167 (cents/kWh), respectively. Besides applying the ECT method, DE method has been applied to the HTGR direct combined cycle, too. Tables (5, 6 [17] are in good agreement with the corresponding values of fuel or product in the Tables (5-7) . For all values, the relative error is almost negligible. It should be indeed mentioned that the "H&S model" in Lourenço et al. [17] is another face of the distributed entropy method as proposed in Seyyedi et al. [13] . Residues cost distribution ratio has been calculated by two important criteria. Firstly, using a distribution of the residues cost proportional to the exergy (option 1) [12] and secondly, using distributed entropy method (option 2) [13] . Table (9) represents a comparison between the obtained values of the residues cost distribution ratio using both criteria. The values of the first and second columns in Table(9) shows how the values corresponding to two criteria are obtained. These two columns are used to obtain the values in columns three and four. The last column in this Table shows the relative difference between the two options. As it has been discussed in Seyyedi et al. [13] , distributed entropy method is more suitable and rational than the other method. Table (10) shows exergetic costs of components using the distributed entropy method. Table  (5) Column F8 in Table  7 Ref. [12] (option 1)
Present work and
Ref [13] (option 2)
Relative difference between two options (%) The minimum and maximum values of product unit exergetic cost (c P ) is corresponding to the reactor and the pump that are equal to 1.5249 (kW/kW) and 3.5324 (kW/kW), respectively. Residues cost (C R ) for the heat exchanger, superheater and pump are equal to 8890.60 kW, 1569.87 kW, and 36.85 kW, respectively, and for other components are equal to zero (corresponding to zero values of these components in column 4 of Table 9 ). Table ( 11) shows exergoeconomic costs of components using the distributed entropy method.
The minimum and maximum values of product unit exergoeconomic cost (c P ) is equal to 0.2196 (cents/kWh) and 3.1420 (cents/kWh), that are related to the reactor and superheater, respectively. In Table( 11) the last column shows the product cost rate for each component. It is clear that the minimum and maximum values are 7.18 ($/h) and 558.02 ($/h) that are corresponding to the pump and steam turbine, respectively. For better comparison, the results of product unit exergetic cost (kW/kW) and product unit exergoeconomic cost (cents/kWh) for the HTGR combined cycle, which is calculated by ECT method and DE method are presented in Fig. (2  and 3) . It is obvious from Fig. (2) that DE method is a more accurate method compared to the ECT method. However, product exergetic cost values predicted by the DE method are more conservative in comparison with the results of the ECT method.
The maximum and the minimum product exergetic cost values in (kW/kW) HTGR combined cycle is related to the pump (3.5 kW/kW) and the reactor (1.4 kW/kW), respectively. In contrast, from Fig.  (3) it can be seen that the combined cycle suffers from the costly superheater component. However gas-cooled reactor, as an innovated component in combined cycle under study, has an economized product unit exergoeconomic cost value. FP S table has interesting properties which have been extensively described in References. [13, 14] . Table ( 12) shows the calculation results of the distributed entropy method. In Table( 13) , the exergy carried out by each flow is denoted as E i,j that represents the product of i th component that is used as the fuel of the j th component [12] . Table ( Table  ( 9) . Therefore, for calculation of residues cost distribution ratio , it is enough that each of the three values is divided by the theirs summation. As mentioned before, the result was shown in Table (9) . For more details, see Seyyedi et al. [13, 14] . 
Conclusion
In this work, the ECT method and the DE method were applied to a typical high-temperature gascooled reactor that directly coupled with a steam cycle through a superheater. Exergetic and exergoeconomic costs for each stream has been calculated. Also, fuel and product cost for each component has been obtained. Residues cost distribution ratio has been calculated by two important criteria and were compared with each other. The results show that criterion based on the distributed entropy is more rational than the other criterion. FP S table that has been used in distributed entropy method has interesting properties that have been extensively described. Also, the method was compared with the H&S model. These two methods are similar. The unit product cost of gas turbine and steam turbine are calculated as 0.2526 cents/kWh and 1.1500 cents/kWh, respectively. Also, the maximum product unit exergoeconomic cost value is 3.1420 cents/kWh that is corresponding to superheater. 
Symbols
